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Basic yellow 57 (BY57) was chosen as a model hair dye due to its prevalence in cosmetics
wastewaters. This study proposes the use of lignocellulosic materials like spent tea leaves
of peppermint (PM), chai tea (CT), and chamomile (CM) as raw adsorbents for the removal
of BY57 from contaminated solutions. Batch adsorption experiments were carried out at
room temperature to achieve the maximum adsorption capacity. Results indicate that the
highest removal is achieved at pH 6–8, with a minimum adsorbent mass of 75 mg and
in the absence of salinity, crowding agents and heavy metals. Adsorption equilibria were
modeled according to the Langmuir and Freundlich isotherm theories and reported the
following trend: PM > CT > CM, reaching qmax values of 105, 80, and 38 mg of dye per
gram of adsorbent, respectively. Desorption experiments showed that diluted solution
of HCl is able to desorb up to 80% of the dye and recover the adsorbent to be used
in consecutive cycles. Finally, the adsorbents were characterized by Scanning electron
microscopy (SEM), indicating that the adsorbents have a porous and heterogeneous
surface, showing pockets and protrusions that are potential adsorption sites for the dye.

Keywords: adsorption, basic yellow 57, tea leaves, pH, desorption, isotherm

INTRODUCTION
Different substances are currently used as coloring agents. They
can be divided into two big groups, dyes, and pigments that
are soluble and insoluble in water, respectively. Dyes can be
defined as substances that confer color without being affected
by factors like light, water, and surfactants. Their structure is
formed by more than one type of functional groups, mainly aro-
matic rings that can be nitro-, amino-, and hydroxyl-substituted
(Singh-Rai et al., 2005). Since 1856, more than 10,000 types
of colorants have been produced. Today, more than 7 × 105

Tons of dyes are produced per year, and more than 10% is lost
during the industrial dyeing process (Zollinger, 1991; Easton,
1995).

Dyes contain chromophores of high molar mass that
accumulate in lakes and bays; and promote a decrease in the pho-
tosynthetic activity. This also causes a decrease in the available
oxygen content, and favors eutrophication processes due to the
increase of organic matter (Robinson et al., 2001).

There are several types of chemical and physical processes for
the removal of dyes, such as ozonation, oxidative degradation,
photochemical processes, bleaching, electrochemical degrada-
tion, adsorption, treatment with activated carbon, microfiltra-
tion, ionic exchange, irradiation, amongst others (Volesky, 2004;
Liu and Wang, 2009; Navarro et al., 2013). Although these tech-
niques have been conventionally used for the removal of dyes and
other pollutants; they still show important disadvantages such
as high operative costs and generation of byproducts that need

further treatment (Robinson et al., 2001; Kotrba et al., 2011; Kim
et al., 2013).

Biological treatment by activated sludge has been successfully
used for the treatment of dye-containing wastewaters and is
widely used in water purification plants. Bioaccumulation has
also been applied to the decontamination of pollutants, by using
microorganisms such as bacteria, algae, yeast, and fungi (Guo
et al., 2008; Gonzalez and Fuentes, 2009; Kotrba et al., 2011). The
most important advantage of microorganisms is their selectivity
in the uptake of pollutants. However, they also show drawbacks
like adequate temperature, enough nutrients, and constant agi-
tation for their operation (Liu and Wang, 2009; Kotrba et al.,
2011). Conversely, biosorption utilizes dead biomass like spent
tea leaves, dead algae, crustacean shells, eggshells, and other bio-
logical residues to eliminate pollutants. The removal is through
adsorption that is mainly driven by intermolecular interactions
like electrostatic, hydrogen bonding, dipole dipole, and disper-
sion forces (Liu and Wang, 2009; Iparraguirre et al., 2010; Kim
et al., 2013; Navarro et al., 2013). Spectroscopic studies have
shown that these biosorbents have active adsorption sites such
as carboxyl, hydroxyl, and amino groups on their surfaces. It
has been demonstrated that all these groups have a great affin-
ity toward pollutants like heavy metals (Cuizano et al., 2009; Diaz
et al., 2013), phenols (Navarro et al., 2008a,b), and dyes (Naidoo
et al., 2013; Navarro et al., 2013).

Basic yellow 57 (BY57) hair dye is commonly used in cosmetics
in the formulation of hair coloring pastes. As shown in Figure 1, it

www.frontiersin.org July 2014 | Volume 2 | Article 28 | 1

ENVIRONMENTAL SCIENCE

http://www.frontiersin.org/Environmental_Science/editorialboard
http://www.frontiersin.org/Environmental_Science/editorialboard
http://www.frontiersin.org/Environmental_Science/editorialboard
http://www.frontiersin.org/Environmental_Science/about
http://www.frontiersin.org/Environmental_Science
http://www.frontiersin.org/journal/10.3389/fenvs.2014.00028/abstract
http://community.frontiersin.org/people/u/167362
http://community.frontiersin.org/people/u/155276
http://community.frontiersin.org/people/u/131398
http://community.frontiersin.org/people/u/60108
mailto:anavarro@bmcc.cuny.edu
http://www.frontiersin.org
http://www.frontiersin.org/Environmental_Toxicology/archive


Zahir et al. Inexpensive decolorization by lignocellulosic materials

N

N

O

H3C

N
N

N

H3C

H3C

CH3

Cl-

FIGURE 1 | Chemical structure of the cationic dye Basic Yellow 57

(BY57).

is a cationic dye with polar groups like amide, quaternary amine,
azo, and heterocyclic rings. BY57 is water soluble at any pH and
in the presence of other organic and inorganic solutes.

The purpose of this study is the use of lignocellulosic waste
materials like spent peppermint (PM), chai tea (CT), and
chamomile (CM) teas on the removal of BY57 from contam-
inated solutions. These spent teas are massively discarded by
tea-based industries and become a waste disposal concern. We
propose that this industrial waste can be recycled and used as eco-
friendly adsorbents. Our long term goal envisions the preparation
of recyclable filters in continuous-flow industrial processes for the
removal of BY57 and other dyes and organic pollutants.

MATERIALS AND METHODS
DYE SOLUTIONS
Stock solution of BY57 was prepared by dissolving the dye in
deionized water and brought to a concentration of 1000 mg/L.
BY57 dye was donated by Vanshi Chemicals Pvt Ltd. (India).
Solutions of varying concentrations were prepared by dilution of
the stock with deionized water. The initial pH of the solutions
were measured with a pH-meter (Fisher Scientific, Accumet
AB15) and adjusted to the required pH value by adding aliquots
of concentrated HCl and NaOH solutions prior contact with the
adsorbents.

PREPARATION OF THE LIGNOCELLULOSIC ADSORBENTS
PM, CT, and CM teabags were purchased from a local
supermarket and spent in sequential rinses of boiling distilled
water to extract color, smell, and taste. Final rinses were done with
boiling deionized water to remove any residual impurity. Then,
the teabags were cut open and the adsorbents were oven-dried at
a temperature no higher than 50◦C to prevent any chemical of
thermal decomposition. Adsorbents were not modified in their
particle size, as they showed appropriate dimensions for their
direct use in adsorption experiments. Finally, all adsorbents were
stored in plastic containers at room temperature till their usage.
No evidence of biological decomposition was observed.

DISCONTINUOUS ADSORPTION EXPERIMENTS
Batch experiments were carried out in duplicate at room
temperature by combining variable masses of the adsorbents
with 50 mL of dye solutions under orbital agitation at 250 rpm
for 24 h. Preliminary studies indicated that less than 24 h are
needed to reach equilibrium. Initial solution pH was adjusted
depending on the type of experiment. Adsorption mixture was

sealed with parafilm to avoid evaporation. Upon equilibrium,
the suspensions were separated by gravity and the remaining
dye concentration was determined by spectrophotometry, using
a microplate reader (Biotek, Synergy4) at a wavelength of 380 nm.
Equilibrium parameters were sequentially optimized, including
pH, mass of adsorbent, initial dye concentration, ionic strength,
and presence other pollutants like heavy metals (copper, lead, and
zinc divalent ions). After the optimization of each parameter, they
were directly used for the following experiments. Lead, zinc, and
copper salts were utilized in their nitrate forms (Fisher Scientific,
reagent grade). Polyethylene glycol (PEG) (MW = 1000 g/mol)
was also used as an interfering substance and used without further
purification (Spectrum Chemicals, reagent grade). Crowding,
salinity, and presence of heavy metal ions were carried using the
optimum pH, the optimum masses and a initial dye concentra-
tion of 100 mg/L.

DESORPTION EXPERIMENTS
A big-scale adsorption experiment was carried out with all the
optimized equilibrium parameters to obtain dye-loaded adsor-
bents. Then, a known mass of the adsorbent was mixed with
20 mL of different co-solvents. These co-solvents were chosen
based on their chemical properties such as acidity, alkalinity, ionic
strength, and polarity. Samples were sealed and shaken overnight
at room temperature. Finally, the desorbed materials were sep-
arated by gravity and the dye concentration was quantified by
spectrophotometry. A 20 mL volume of co-solvent was chosen to
demonstrate that these materials after being exposed to 50 mL of
dye solutions can be recovered by using less than half of the initial
volume.

DATA ANALYSIS
The amount of adsorbed BY57 onto the adsorbents was expressed
as Adsorption Capacity (q, mg/g) and calculated as shown in
Equation (1)

q =
(
Ci − Ceq

) × V

m
(1)

where m is the mass of the adsorbent in grams, V is the volume of
the solution in L, and Ci and Ceq are the initial and at equilibrium
concentrations of BY57 in mg/L.

A different way to express the adsorptive properties of a given
adsorbent is Adsorption Percentage (%ADS) where the initial
and final adsorbent concentrations are compared and expressed
as percentage as shown in Equation (2). Desorption percentage
(%DES) can also be calculated with a similar expression. All sta-
tistical analysis has a percent error lower than 3% as indicated
by the standard deviations. R2 and p-values were also used to
corroborate the statistical rigor of the mathematical modeling.

%ADS =
(
Ci − Ceq

) × 100

Ci
(2)

CHARACTERIZATION OF THE ADSORBENTS
Surface texture and morphological properties of all the tea leaves
were explored by scanning electron microscopy, (SEM) using a
Tabletop microscope (TM3000, HITACHI). Samples were directly
observed without gold coating.
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RESULTS AND DISCUSSION
ADSORPTION EXPERIMENTS
Role of pH on the elimination of BY57
Figure 2 displays the effect of initial pH on the adsorption of the
dye. According to the results, higher adsorption is observed at
higher pH values for all the adsorbents. PM and CM report an
optimum pH at 6 and CT at 8. Differences on the adsorbent com-
position might be responsible for this difference. CT is really not a
single adsorbent; it is a mixture of black tea, and other spices like
cinnamon, and cloves. Therefore, some differences on the adsorp-
tion are expected. PM and CM are more homogeneous samples,
formed by tea leaves and flowers, respectively. Elimination of
BY57 is greatly decreased at low pH. This could be explained by
the competition of BY57 for the adsorption sites with hydronium
ions (H3O+) that are predominant at low pH values. BY57 is a
cationic dye and therefore, it targets the same electron-rich cen-
ters, as hydronium ion does. It is important to highlight that all
the adsorbents maximize their adsorption in pH ranging from 6
to 8. Surface and most of the contaminated waters have these pH
values, suggesting that no previous pH adjustments are needed
and these adsorbents can be directly used in the treatment of
dye-containing waters. These materials have also shown similar
behavior with other pollutants like heavy metals (Kim et al., 2013)
and other dyes (Hameed, 2009; Navarro et al., 2013).

Minimum adsorption mass for optimum removal
Our main goal is to propose these adsorbents for the treatment of
industrial wastewaters that contain dyes. A successful technique
should result in the highest adsorption at the minimum cost.
Adsorbent dose was optimized to achieve the minimum amount
of spent tea leaves. As displayed in Figure 3, optimum adsor-
bents doses are reached with 75, 100, and 150 mg of PM, CT,
and CM, respectively. The graph also shows that PM is the most
efficient adsorbent because it maximizes the adsorption with a
small mass. It would be expected that adsorption should infinitely
increase with the adsorbent mass, nevertheless; a phenomenon
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FIGURE 2 | Role of the pH on the adsorption of BY57 onto the

lignocellulosic materials.

called aggregation has been suggested in batch experiments. Since
the adsorption happens in a sealed container, higher doses of the
adsorbents are restricted to small space. This causes the forma-
tion of aggregates or clumps of the adsorbents that reduces their
effective surface area. This phenomenon has also been observed
in previous reports (Navarro et al., 2008a; Hameed, 2009; Dakhil,
2013; Ramesh et al., 2014).

Role of the salinity and small ions
Seawater is not exempt of chemical spills; therefore a tech-
nology that is also prepared for high-salt solutions is desired.
BY57 solutions were mixed with different salt concentrations.
Sodium chloride was chosen for its prevalence in seawater;
sodium nitrate is a conventional salt, widely used in the eval-
uation of ionic strength (Navarro et al., 2008b; Liu and Wang,
2009; Iparraguirre et al., 2010), and calcium nitrate was also
used to explore the effect of divalent ions on the adsorption.
Results are shown in Figure 4, indicating that all the salts have
a negative effect on the adsorption. Competition of cations for
the adsorption is expected to be the responsible for the BY57
adsorption inhibition. The relatively smaller ionic diameters of
Na+ and Ca+2 might facilitate their approach to active sites.
Likewise, lignocellulosic materials have a rather polar surface
and will prefer polar and ionic adsorbates. Although BY57 is
cationic, nevertheless; it also shows aromatic rings that reduce
its polarity and therefore its affinity toward highly polar surfaces.
This should promote the displacement of BY57 by small metal
cations.

Figure 4 also displays that PM and CT samples are able to tol-
erate the effect of the salinity with NaCl and NaNO3. Conversely,
Ca(NO3)2 shows a stronger effect on the adsorption of PM and
CT, whereas CM decreases in a lower intensity. From this data, we
can hypothesize that CM adsorbs BY57 under a different mech-
anism that is not greatly affected by the presence of Ca+2 ions.
From the results, the presence of this salts had a negative effect
and therefore the highest adsorption of BY57 was achieved in
their absence.
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FIGURE 3 | Effect of adsorbent dosage on the adsorption of BY57.
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FIGURE 4 | Role of salinity on the adsorption of BY57 onto tea leaves.

Crowding agents as covalent interferences
The effect of ionic strength addresses the interference of ionic sub-
stances in solutions. However, there are other compounds also
present in contaminated waters like surfactants, proteins, solu-
ble carbohydrates, oils, and microscopic organisms. Even though
these substances are not competing for the same adsorption sites
as the adsorbate, but their presence could alter the adsorption
removal of BY57. PEG is an inert polymers and highly soluble in
water. Preliminary experiments showed that PEG does not adsorb
onto the tea leaves and does not adsorb BY57. It is a very stable
polymer that remains in solution. As a polyether, PEG, does not
form strong intermolecular forces, other than dispersion or very
weak dipole-dipoles. BY57 solutions were mixed with different
PEG solutions to test its effect on the adsorption. The experimen-
tal results are shown in Figure 5. From the graph, CT is greatly
affect by the presence of PEG, whereas adsorption onto PM and
CM remained constant to PEG concentrations are high as 10%
m/v. CT might be more sensitive to the presence of PEG due to the
heterogeneity of its composition. PM and CM are able to tolerate
the presence of PEG, demonstrating their applicability in the pres-
ence of covalent impurities. Another interpretation of the results
could be the exposure of adsorption sites in PM and CM that
does not reflect major disadvantages with crowding agents. CT
might have hindered adsorption sites have encounter difficulties
to approach BY57 for its adsorption.

Effect of heavy metals and large divalent cations
Contaminated wastewaters also contain large cations in solution
(heavy metals). Copper and zinc are commonly found in indus-
trial waters, and both have shown to be of environmental impor-
tance and associated with serious health consequences (Liu and
Wang, 2009; Kotrba et al., 2011). The presence of these heavy
metals and their effect on the adsorption of BY57 are reported
in Figure 6. Experimental results indicate a nonlinear correlation
between heavy metals and the adsorption of BY57. The observed
changes are not substantial and could be considered negligible.
Therefore, it could be concluded that our adsorbents are able to
eliminate BY57 dye even in the presence of other pollutants like
copper and zinc ions. These results do not demonstrate that tea
leaves prefer BY57, because heavy metals could be adsorbed with
a totally different mechanism and even using different adsorp-
tion sites. What it is important to point out is that large ions like
copper and zinc do not block the adsorption or compete with
BY57 as sodium and calcium ions do. This discrepancy could also
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FIGURE 5 | Role of crowding agent on the adsorption of BY57 onto tea

leaves.

be associated with the mass/charge ratio of calcium and sodium,
compared to copper and zinc. These heavy metals are called soft
acids, as they dissipate the positive charge in a large ionic vol-
ume, and decrease their Lewis acid capacity. Lead nitrate was only
studied for CT, since zinc nitrate precipitated at the optimum pH
value (8) for this particular adsorbent. Copper remained soluble
at pH 6 and 8 for all the adsorbents and zinc was soluble at pH 6,
for PM and CM; for these particular metal concentrations.

Isotherm modeling and maximum adsorption capacity
Adsorption isotherms are mathematical models that allow us to
determine important equilibrium parameters such as maximum
adsorption capacity, adsorption affinity, equilibrium constant,
and adsorption intensity. Two isotherms were tested for their abil-
ity to describe the experimental results, namely Langmuir and
Freundlich isotherms (Liu and Wang, 2009; Kotrba et al., 2011).
Linear regression was used to fit all the data points. Correlation
coefficient and p-values were determined as statistical signifi-
cance testing. As shown in Figure 7, the adsorption capacities
follow the trend PM > CT > CM, same as the previously stud-
ied effects. A given mass of adsorbent has a finite number of
adsorption sites that are totally saturated at a particular pollutant
concentration.

Frontiers in Environmental Science | Environmental Toxicology July 2014 | Volume 2 | Article 28 | 4

http://www.frontiersin.org/Environmental_Toxicology
http://www.frontiersin.org/Environmental_Toxicology
http://www.frontiersin.org/Environmental_Toxicology/archive


Zahir et al. Inexpensive decolorization by lignocellulosic materials

0 10 20 30 40 50
0

20

40

60

80

100

%
 A

DS

Copper Concentration (mg/L)

 PM
 CT
 CM

0 10 20 30 40 50
0

20

40

60

80

100

%
 A

DS

Heavy Metal Concentration (mg/L)

 PM
 CT
 CM

FIGURE 6 | Effect of large heavy metal cations on the adsorption of BY57. Copper effect (left) and zinc and lead effect (right).

Table 1 | Langmuir and Freundlich Isotherm Constants for the adsorption of BY57 onto lignocellulosic adsorbents.

Adsorbent Langmuir Freundlich

qmax (mg/g) b (L/mg) R2 p kF n R2 p

PM 104.93 0.160 0.987 <0.0001 26.75 2.61 0.945 <0.0001

CT 80.06 0.160 0.913 <0.0001 18.57 2.84 0.983 <0.0001

CM 37.69 0.153 0.933 <0.0001 5.902 2.075 0.977 <0.0001
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FIGURE 7 | Adsorption Isotherm of the adsorption of BY57 onto tea

leaves.

Langmuir theory assumes uniform adsorption energy on the
surface of the adsorbent, where the migration of the pollutant
among neighboring active sites is restricted (Volesky, 2004; Liu
and Wang, 2009). The mathematical expression of the Langmuir
isotherm is calculated as follows (Equation 3):

q = qmax × b × Ceq

1 + b × Ceq
(3)

where qmax (mg/g) and b (L/mg) are the Langmuir constants
related to the maximum adsorption capacity and to the adsorp-
tion energy, respectively. The qmax constant represents the total

number of available adsorption sites for one adsorbent and is
commonly used to compare adsorbents based on their ability
to remove pollutants. The b constant is also important because
it allows us to compare the adsorption efficiency between two
different adsorbents under the same experimental conditions. A
higher b constant means a higher adsorbent/pollutant affinity.
The corresponding calculated Langmuir constants are shown in
Table 1.

The data was also analyzed by the model of Freundlich that
is derived assuming a logarithmic decrease in the enthalpy of
adsorption with the increase in the fraction of occupied sites
and based on sorption on heterogeneous surfaces (Volesky,
2004; Kotrba et al., 2011). Freundlich’s expression is given by
Equation (4):

q = kF × C1/n
eq (4)

where kF and n are the Freundlich constant, related to the adsorp-
tion capacity and the adsorption intensity, respectively. If n = 1,
then the partition between the two phases are independent of the
concentration. If n > 1, it indicates a normal adsorption, whereas
n < 1 suggests cooperative adsorption (Liu and Wang, 2009; Kim
et al., 2013; Navarro et al., 2013).

Isotherm modeling results are summarized in Table 1. From
the results, the highest adsorption is observed with PM, reaching
up to 105 mg of BY57 per gram of adsorbent. Conversely, CM is
the poorest adsorbent, with only 38 mg of BY57 per gram of CM.
Other lignocellulosic materials have been studied as dye adsor-
bents and obtained similar results. Dakhil has recently adsorbed
methylene blue using spent tea leaves and obtained a qmax of
46 mg/g (Dakhil, 2013). Ramesh also used spent tea dust to
remove methylene blue, obtaining a qmax of 86 mg/g (Ramesh
et al., 2014). Finally, Prasad and Santhi worked with Acacia nilot-
ica leaves to eliminate crystal violet and rhodamine B, reporting
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qmax values of 33 and 37 mg/g, respectively (Prasad and Santhi,
2012). Our research group has also explored the adsorption
using spent green tea leaves as adsorbents, reporting qmax val-
ues around 50 mg/g (unpublished results). On the other hand, the
b Langmuir constant indicates a relatively similar adsorbent/dye
affinity for the three adsorbents. Hameed (2009), Dakhil (2013),
and Ramesh et al. (2014) reported b constant values of 0.0812,
0.0153, and 0.26 L/mg, respectively with their dyes.

As for the Freundlich’s model, equilibrium constant kF shows
the following adsorption trend: PM > CT > CM, corroborating
the results obtained with Langmuir’s theory. The n constant also
demonstrates favorable adsorptions for the three adsorbent with
similar intensities. Finally, statistical significance indicates that
both, Langmuir and Freundlich models fit the adsorption of BY57
onto the three adsorbents, suggesting a combined adsorption
mechanism (Volesky, 2004).

DESORPTION EXPERIMENTS
A successful technique for the decolorization of hair dyes and
colorants should be practical and economical under any exper-
imental conditions. Spent tea leaves are advantageous because
they are massively produced by industries that produce bottled
tea drink and become a waste disposal concern. One of the most
important drawbacks of the commonly used techniques, is the
generation of sludge or byproducts that need to be taken care
of and even require additional expenses or are more toxic than
the original pollutants (Liu and Wang, 2009; Kotrba et al., 2011).
The recyclability of adsorbents is an important factor to con-
sider when choosing the most appropriate materials. For this
purpose, different diluted solutions were used to desorb BY57 and
recover the adsorbent. The main goal is to recycle the adsorbent
for continuous process several times with the same adsorption
properties. These co-solvents were chosen based on their chem-
ical properties including polarity, ionic strength, acidity, and
alkalinity. Figure 8 displays the desorption of BY57 from the lig-
nocellulosic materials with these co-solvents. The results indicate
that diluted HCl (0.1 M) solution is the most effective desorb-
ing solution, reaching values close to 70% for all the adsorbents.
Crucial and important results were obtained with distilled water,
where almost null desorption is observed. This means that these
materials can be used in the preparation of filters for large scale
purification because clean water cannot get re-contaminated by
the discharge of the adsorbed dye.

CHARACTERIZATION OF THE ADSORBENTS BY MORPHOLOGY AND
TEXTURE
Figure 9 shows the scanning electron micrographs of the three
lignocellulosic adsorbents and their textural and morphological
properties. All the images indicate highly porous surfaces and
structures that are typically seen in plants. They all have heteroge-
neous and random morphologies that are expected in adsorbents.
These imperfections on the surface are able to house and trap
pollutants by interactions with the adsorption sites. PM shows a
more organized structure, with veins and fibers, whereas CT is
more random, due to its composition and presence of cinnamon,
cloves, and other herbs. CM is a more special structure, because it
comes from flowers. CM is also porous but its pores have bigger
diameters when compared to CT and PM. These images could
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FIGURE 8 | Desorption of BY57 from the lignocellulosic adsorbents.

be associated with the adsorption results, as PM has a heteroge-
neous, yet organized, surface and also reports the best adsorption.
CT has also heterogeneous surface, but less than PM. CT reports
lower adsorption, but we believe it is because of its composition
and weaker adsorption sites that might be present. Finally, CM
has a surface that has low heterogeneity and its porosity is not
optimum for the adsorption of BY57.

CONCLUSIONS
Spent tea residues of PM, CT, and CM were used as raw adsor-
bents for the elimination of the hair dye BY57 from aqueous
solutions. Lignocellulosic structure and highly polar functional
groups are potential adsorption sites for BY57. Batch experiments
were tested to investigate the optimum equilibrium conditions at
room temperature. The adsorption capacity followed the trend:
PM > CT > CM. The maximum adsorption was achieved at pH
6, with a minimum mass of 75 mg of PM and in the absence
of salts, crowding agents, and heavy metals. Ionic strength has
a negative effect on the adsorption by disruption of polar and
electrostatic interaction between the dye and the adsorbent, and
also due to the competition of small ions for the adsorption sites.
PEG was used as a crowding agent to mimic covalent impurities.
Results indicate small effect on the adsorption with the exception
of CT. This indicates that these adsorbents can be used in solu-
tion with high content of bulky impurities, including proteins,
oils, and other molecules. Adsorption isotherms were modeled
according to Langmuir and Freundlich theories, reporting a max-
imum adsorption capacity for PM, CT, and CM of 105, 80, and
28 mg of BY57 per gram of adsorbent. Heavy metals like copper
and zinc ions were used as secondary pollutants to evaluate their
effect in the removal of BY57. The observed experimental data
suggests that these adsorbents are not affected by the presence of
heavy metals mostly likely due to differences in the adsorption
mechanism or targeted active sites. SEM analyses demonstrate
that these lignocellulosic materials possess a heterogeneous sur-
face with pockets and protrusions that are optimum adsorption
sites for pollutants. Finally, desorption experiments indicate that
a diluted solution of HCl is able to desorb up to 70% of BY57 from
the adsorbent and allows its reutilization in consecutive adsorp-
tion cycles. This study clearly shows that raw adsorbents are
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FIGURE 9 | Scanning electron microscopy analysis of the adsorbents: PM (left), CT (middle), and CM (right).

cost-effective and “green” materials with potential for the removal
of dyes from contaminated waters. We expect this study will start
a new lead in the development of new eco-friendly alternatives for
the elimination of organic and inorganic contaminants.
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